Introduction
Graphene is increasingly finding application within catalysis due to its intrinsic properties [1] [2] [3] , and in particular its catalytic activity towards the oxygen reduction reaction (ORR) has generated significant interest [4, 5] . The ORR is a persistent challenge for researchers of energy applications (e.g. fuel cells, metal-air batteries) due to its slow kinetics [6, 7] . Pristine graphene has demonstrated a limited ORR performance due to its zero band gap, which weakens the catalytic activity [8, 9] . A promising strategy to make graphene more catalytically active towards the ORR is doping the graphene structure with p-block heteroatoms, such as nitrogen [10] [11] [12] [13] [14] [15] [16] , boron [17] [18] [19] [20] [21] , phosphorus [22] [23] [24] or sulfur [25] [26] [27] [28] , since the inclusion of dopant atoms in the 2D graphene structure can modify the electroneutrality of the sp 2 carbon lattice and create sites for O 2 adsorption [29] . It has been suggested that the formation of carbon active sites induced by the heteroatoms alters the binding energy of the molecule of O 2 , favouring the dissociation of the O]O bond [30] . Several methods have been proposed for the doping of graphene with heteroatoms, including chemical vapour deposition (CVD), ball milling, bottom-up synthesis, thermal annealing, wet chemical method, plasma treatment with heteroatom atmosphere or arc-discharge [31] . Among these methods, CVD is one of the most widespread, nevertheless it is a relatively complex process whose application entails the use of hazardous precursors and gases, contamination by transition metal reagents, high cost of the process and a low yield [32] . Most of these problems can be overcome using a thermal annealing treatment of a mixture of precursors under an inert atmosphere for the synthesis of the catalyst [33] .
According to the literature, the different heteroatoms play specific roles inside the carbon structure. For example, the electron-deficient B atoms act as active sites for O 2 adsorption and favour the OeO bond cleavage [34] . The N atoms produce active catalytic sites, via inducing an asymmetrical spin and charge density changes (such as C + creation), thus improving the ORR performance [35] . The electron-donating properties of P induce defects in the graphene layer through the creation of P + charge sites and increase the electron delocalization [36] .
The catalytic active sites in S-doped graphene are the C atoms located at the zigzag edges or close to the SO 2 adsorbed species that enhance the spin density of carbon [25] . In spite of promising results reported for the single-doped graphene catalysts, their catalytic activity is still far away from that reported for traditional Pt-group catalysts [23, 28, 37] . Consequently, several authors have synthesized dual [38] [39] [40] [41] [42] [43] and ternary-doped [44] [45] [46] [47] [48] [49] graphene catalysts, demonstrating that the different heteroatoms incorporated into the graphene structure act synergistically, improving the catalytic activity with respect to the singledoped graphenes. In addition, a higher variability in the electronegativity of the doping heteroatoms could induce an asymmetrical spin and charge density redistribution, thus improving the ORR performance [35] .
To the best of our knowledge, there are no papers reporting if this behaviour can be extended to metal-free quaternary-doped graphene. Since the interaction of different heteroatom-carbon species has demonstrated to act synergistically for dual and ternary-doped graphenes, we believe that the synthesis of a quaternary-doped graphene may open a range of further possible catalyst materials. Previously, an innovative quaternary-doped graphene with N, P, S and Fe, synthesized from direct pyrolysis of Shewanella oneidensis bacteria, has been developed and studied, showing a catalytic current density even comparable to commercial Pt/C [50] . Nevertheless, the presence of metals in the catalyst has been related to several disadvantages, namely poor stability, low selectivity, higher cost than metal-free catalysts and a negative environmental impact [51] . In this work, we present a novel metal-free quaternary-doped graphene synthesized via an easy method of GO thermal annealing in presence of B, N, P and S dopant precursors under an inert atmosphere. This catalyst is physically characterized using high-resolution transmission electron microscopy (HR-TEM), scanning TEM (STEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), Raman spectroscopy, Brunauer-Emmett-Teller (BET) analysis and X-ray photoelectron spectroscopy (XPS), and its electrochemical ORR performance is compared with the equivalent singledoped catalysts.
Experimental

Catalyst preparation
All the catalysts were prepared via a thermal annealing of a mixture formed by GO (Nanoinnova, ref.: GO.M.10.29-1) and the precursors of the different doping agents. The precursors were boric acid, melamine, dibenzyl disulfide (all Sigma Aldrich, ≥98%), and orthophosphoric acid (Fisher Scientific, 86.75%). For the single-doped catalysts 100 mg of GO were mixed with 500 mg of precursor (except 100 mg in the case of dibenzyl disulfide) in 30 mL of ultrapure water (resistivity ≥ 18.2 MΩ cm, milli-Q Millipore). For the quaternary-doped catalyst the composition of the mixture was 100 mg of GO, 200 mg of boric acid, 300 mg of melamine, 500 mg of phosphoric acid and 100 mg of benzyl disulphide in 30 mL of ultrapure water. The ink was sonicated (Ultrawave, 50 Hz) for 1 h and then stirred for 15 h, before being concentrated by centrifugation at 20,000 rpm for 10 min at room temperature (Centrifuge Sigma 3K-30 refrigerated). The resulting mixture was placed on an alumina crucible and pyrolised in a quartz tubular furnace (Vecstan Ltd. F400414) at 900°C for 2 h, heating rate of 5°C min −1 from room temperature, under 50 mL min −1 N 2 atmosphere (BOC gases, O 2 free, 99.998% purity). Finally, the sample was left to cool at room temperature under N 2 atmosphere before being collected and weighed.
Physical characterization
The different catalysts were imaged by a transmission electron microscopy (TEM) using a JEOL 2100F at 200 kV, equipped with a FEG source and a Gatan Orius CCD camera in order to obtain images with 0.025 nm pixel resolution. The EDS spectra were taken on a Tecnai F20 FEG (S)TEM operating at 200 kV, equipped with an Oxford Instruments X-Ma SDD EDX system. The TEM and STEM-EDS samples were prepared by drying a 10 μL droplet of catalyst aqueous suspension on a Cu grid. The XRD measurements were obtained using a PANalytican Empyrean Pro X-ray powder diffractometer with a not monochromated Cu X-ray source. Raman spectra were recorded using a Raman Microscope Renishaw inVia system with an excitation laser wavelength of 532 nm. The specific surface areas and porous structures of the quaternarydoped catalyst were measured with a Micromeritics TriStar II Plus adsorption instrument by physical adsorption-desorption of N 2 at 77 K. Xray photoelectron spectroscopy (XPS) spectra were obtained at the National EPSRC XPS Users' Service (NEXUS) at Newcastle University using a Thermo Scientific K-Alpha XPS instrument with a monochromatic Al Kα X-ray source. , with a collection efficiency of 37%. Prior to each experiment the RRDE was thoroughly polished with consecutive alumina slurries of 1, 0.3 and 0.05 μm (Buehler, ITW Company) and then sonicated to remove any impurities. The catalyst inks were prepared dispersing 5 mg of the required catalyst in 0.2 mL of isopropyl alcohol (VWR Chemicals), 0.78 mL of ultrapure water and 0.02 mL of 10 wt% Nafion (Ion Power Inc.), obtaining a resulting catalyst concentration of 5 mg mL
Electrochemical characterization
. This mixture was sonicated for 1 h and then a 15 μL aliquot was pipetted onto the GC disk to give a catalyst loading of 0.3 mg cm −2 . The droplet was left to dry at room temperature for 30 min at 500 rpm as described in literature [52] in order to get an uniform layer.
The 
Results and discussion
The single and quaternary-doped graphene catalysts (namely BNPSGr, B-Gr, N-Gr, P-Gr and S-Gr) were prepared as described above. The nanostructure of BNPS-Gr was investigated by HR-TEM imaging. Fig. 1a and b show the characteristic wrinkled veil-like structure of the graphene sheets, with a randomly stacked and overlapped distribution of layers, and local areas which show agglomeration and disorder of the 2D structure. Fig. 1c also reflects the presence of graphene nanosheets albeit with non-uniform layer thickness, demonstrating variability in the number of graphene sheets. This feature is shown in greater detail in Fig. 1d where the individual graphene nanosheets can be seen with theoretical thickness of 0.35 nm [54] . The inset clearly shows a 6-layer stack, although there are regions with a higher number of graphene sheets. The incorporation of B, N, P and S into the graphene structure is clearly visualized from the STEM-EDX images reflected in Fig. 2 , where it can be observed that a great amount of oxide groups still remain after the thermal treatment. In addition, it can be seen that B and N are incorporated into the catalyst in a bigger extent than P and S, results that will be confirmed by XPS measurements later.
Next, the surface area of the quaternary doped-graphene catalyst was examined by N 2 adsorption-desorption isotherms at 77 K (Fig. 3a) and calculated according to the BET method. A type-II isotherm is observed, with the intermediate flat region between the values of P/ P 0 = 0.1 and 0.7 corresponding to a monolayer formation characteristic of microporous materials [55] . The calculated specific BET surface area was 78.6 ± 0.3 m 2 g −1 , which is higher or similar to other reported doped-graphene catalysts, such as single N-doped graphene [56] or ternary (N, P, B)-doped nanoporous carbons [48] . The pore size distribution is shown in Fig. 3b . Using the Barrett-Joyner-Halenda (BJH) method, the average pore diameter is calculated to be 6.2 nm, whereas the corresponding pore volume is determined as 0.12 cm 3 g −1 . These results suggest that the BNPS-Gr has a mesoporous structure, with the pore size ranging between 2 and 50 nm characteristic of mesoporous materials [57] . XRD and Raman spectroscopy measurements were carried out to characterize the structure of the different catalysts. The XRD patterns (Fig. 4a) show a distinctive diffraction peak at 2θ = 11.6°for the GO precursor corresponding to a (002) index related to an interlayer space of 0.79 nm. This feature points to the presence of oxide groups allocated in the basal space between layers [58] . After pyrolisis, this peak disappears and a new broader peak arises at around 2θ = 26.5°, which is in agreement with the intense narrow peak observed in pristine graphene at 26.6°associated to a basal space between consecutive layers of 0.34 nm [56] . It should be noted that the values of 2θ corresponding to the C(002) peak are in inverse correlation to the distance between consecutive graphene layers [59] . Fig. 4a shows that the value of 2θ for the C(002) peak is 26.7°for B-Gr and N-Gr, whereas that for P-Gr, S-Gr and the quaternary BNPS-Gr this value is around 26.3°. Since B and N have a smaller atomic radius than P and S, the interlayer space is decreased (thus 2θ bigger) in B-Gr and N-Gr with respect to P-Gr and S-Gr. For graphene catalysts simultaneously doped with different heteroatoms, the value of 2θ will be determined by the larger atoms present in their structure. Hence, the 2θ value corresponding to the C(002) peak of BNPS-Gr is the same of that observed in P-Gr and S-Gr. Beside this, the width and intensity of the C(002) peak in the doped graphene catalysts compared to exfoliated graphene indicate that the restoration of graphene structure was only partial. The conclusion of these results is that annealing partially recovers the crystal structure of pristine graphene due to the reduction of the oxide groups present in the GO precursor. The faint peak appearing at around 43°corresponds to (100) reflections in the carbon phase [24] .
The Raman spectra were obtained under ambient conditions and show the characteristic peaks corresponding to the D and G bands at 1340 and 1580 cm −1 , respectively (see Fig. 4b ). The D band is attributed to the presence of defects or distortion of the 2D graphene lattice, whereas the G band is produced by stretching of the sp 2 bonds between carbon atoms and it is commonly associated to the degree of graphitization [20] . The ratio of D and G bands (I D /I G ) is a good indicator of the degree of structural disorder of a material and values are indicated in Fig. 4b for all the catalysts. The I D /I G ratio is lower for B-Gr and N-Gr (ca. 1.05) with respect to P-Gr and S-Gr (ca. 1.35) . This suggests that the integrity of the graphene structure is dependent on the size of the doping atoms, rather than the amount of doping species incorporated into the graphene layers. The quaternary-doped catalyst shows an I D /I G ratio of 1.24, which reflects the incorporation of the different heteroatoms (Table 1) . It is observed that the values of I D /I G ratio in the Raman spectra keep an inverse correlation with the intensity of the C (002) peaks reflected in the XRD graph, noting that both features are closely related to defects present on the graphene structure [59] . Raman spectra can also provide information about the mean crystallite size (L a ) of the different doped-graphenes via the Tuinstra-Koenig (TK) equation [60] :
being C(532) ∼49.56 Å [61] (nevertheless, it should be noted that the TK method has been questioned in the literature [62] , where it is stated not being valid over all ranges of L a and wavelengths). The values of L a are shown in Table 1 . It can be seen that the mean crystallite size of the different doped-graphene catalysts has been reduced with respect to GO due to the thermal treatment applied and the incorporation of the different heteroatoms into the graphene structure [61] . This is in agreement with the higher I D band observed in doped graphenes with respect to GO, as a consequence of the hexagonal symmetry distortion of graphene due to the incorporation of heteroatoms [59] . The mean crystallite size of BNPS-Gr is shown to be an average value of those reported for the single-doped graphenes, demonstrating that all the individual heteroatoms have been effectively incorporated into the graphene.
To investigate the chemical composition of the synthesized catalysts, XPS measurements were performed (Fig. 5 ) and show the typical peaks for C, O, B, N, P and S, confirming that the doping precursors are effectively incorporated into the graphene structure. The composition of the different catalysts was calculated from the area under the peaks (Table 2) , being these results in good agreement with the images obtained from the STEM-EDX analysis shown in Fig. 2 . It is noted that the broader peak appearing at around 195 eV in the quaternary-doped catalyst is consistent with a combination of both the B1s and the P2s moieties, therefore the P2s contribution was calculated from the P2p peak and subtracted to the overall area in order to obtain the content of B in BNPS-Gr. A high variability in the O content can also be observed, suggesting that the mechanism of dopant incorporation into the graphene 2D structure is different depending on the identity of the dopant species.
To gather insight into the mechanism of doping and the nature of the bonds formed during the annealing treatment, XPS spectra were recorded for the different species and are displayed in Fig. 6 . The deconvoluted B1s spectrum (Fig. 6a) for the B-Gr catalyst is fitted to four peaks at 189. 5, 190.6, 192 .5 and 194.1 eV, attributable to B-C (sp 2 ), C-BO, C-BO 2 and B 2 O 3 , respectively [21, 63] . The same peak in BNPS-Gr, however, is clearly distorted due to the presence of the other species. From the left, the distortion is due to the overlap of the P2s peak with the B1s moiety, presumably due to the incorporation of the P dopant into the structure [64] . Therefore, the P2s contribution had to be subtracted (its area was calculated to be 44% of the overall area, from the relation P2s/P2p in P-Gr showed in Fig. 5 ) before proceeding with the analysis of the B species. The B1s peak is also shifted to the right due to BN species arisen at 191.4 eV (C-BNO) and 190.6 eV (C-BN), together with the contribution of B 4 C at 187.9 eV [63] . The deconvolution of the N1s spectrum (Fig. 6b) generates four N species, namely pyridinic N (398.1 eV), pyrrolic N (399.4 eV), quaternary N (400.8 eV) and pyridinic N-oxide (403.4 eV) [65] . In this case, the small differences between N-Gr and BNPS-Gr are influenced by pyrrolic N and B-N species (397.4 eV) in the quaternary-doped catalyst [66] . The P2p peak observed in P-Gr (Fig. 6c) can be mainly deconvoluted into two oxidised species, namely metaphosphates (135.2 eV) and phosphorus at higher oxidation levels (137.2 eV) [67] , phosphates which remain unaltered from the phosphoric acid precursor [68] , and a very small contribution of the PeC bond (132.7 eV). A distortion at the right of this peak appears for BNPS-Gr due to the incorporation of PeN species (133.4 eV) and an increased amount of PeC bonds [69] . Finally, the S2p feature (Fig. 6d) is virtually identical for S-Gr and BNPS-Gr, with 75% of 
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Applied Catalysis A, General 553 (2018) [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] eCeSeCe, in which the S atoms can adopt two different spin-orbit coupling positions: S2p 3/2 (164.1 eV) and S2p 1/2 (165.2 eV) [70, 71] , and 25% of eCeSO x eCe, with x = 2 (167.5 eV), x = 3 (169.4 eV) or x = 4 (171.2 eV) [27] . This similar composition suggests that the assimilation mechanism of S species into the graphene structure is not affected by the presence of the other types of atoms. The catalytic behaviour of the BNPS-Gr was studied by first measuring the cyclic voltammetry at a stationary disk electrode in both N 2 -and O 2 -saturated 0.1 M KOH solution (see Fig. 7a ), which showed a clear reduction occurring at around e0.3 V in the O 2 -saturated solution. Similar voltammograms were also obtained in O 2 -saturated 0.1 M KOH solution at bare GC and graphene-modified (via drop-casting) GC electrodes in order to compare their performance with BNPS-Gr (Fig. 7b) . It can be seen that the current density of the quaternarydoped graphene is much higher than that of graphene, which together with an earlier onset potential indicates that the addition of dopants into the graphene structure enhances the catalytic behaviour observed.
Next, the electrocatalytic activities of the quaternary-doped and single-doped graphenes were compared by rotating ring-disk electrode (RRDE) voltammetry for the ORR in O 2 -saturated 0.1 M KOH electrolyte. Similar catalytic behaviour of all single-doped catalysts can be observed from the RRDE measurements at 1600 rpm (Fig. 7c) , with an appreciably earlier onset potential for S-Gr of around +0.02 V. In the same figure, it can be seen that the quaternary-doped catalyst develops a greater catalytic activity with respect to the single-doped graphenes, showing the earliest onset potential and higher current density. These results are consistent with the Tafel analysis exhibited in Fig. 7d , where it can be seen that the Tafel slope of BNPS-Gr (93 mV dec
) is much lower than that of the single-doped graphenes, even being comparable to that calculated for commercial Pt/C (87 mV dec
). The RRDE measurements for BNPS-Gr are displayed in Fig. 8a for rotation speeds from 400 to 2000 rpm. As expected, the ORR current density at the disk increases with increasing the rotation rate, in the same way that the formed peroxide is oxidized at the ring. From RRDE measurements of all catalysts the number of electrons involved in the ORR can be calculated using the Eq. e0.5 V, being slightly lower for P-Gr (3.0). In the other hand, n is considerably higher for the quaternary-doped catalyst with a value of 3.7, in accordance with the better catalytic behaviour observed in Fig. 7c . From the calculated values of n, the rates of peroxide formation are calculated and shown in Fig. 8c . The peroxide formation ranges between 41.7 and 52.0% for the single-doped graphene catalysts, there being a considerable improvement for the BNPS-Gr catalyst with a peroxide production rate as low as 14.7%. This clearly illustrates the much higher efficiency of the quaternary-doped graphene towards the one-step ORR mechanism with respect the single-doped graphenes. The improved catalytic activity exhibited by the quaternary-doped graphene versus the single-doped catalysts is unlikely to be mainly due to improved electronic conductivity, since the Raman spectra (Fig. 4b) showed a very similar graphene 2D structure of BNPS-Gr with respect to N-Gr or B-Gr (noting that conductivity through a graphene layer is linked to the amount of defects present in its structure). According to some conclusions previously reported of carbon ternary-doped with heteroatoms, the simultaneous inclusion of different heteroatoms into the graphene structure can induce a synergistic effect with respect to their single-doped counterparts [73, 74] . This is reportedly due to that the variability in the electronegativity of the different heteroatoms creates an asymmetry of the electronic charge density in the graphene lattice [47, 48] , thus increasing the adsorption of O 2 via the modulation of the π* bond of the OeO molecule [30] . Another feature that can have an impact on the ORR activity is the effect of the specific bonds formed between the heteroatoms and carbon during the annealing. In this case, the formation of PeN species in BNPS-Gr (Fig. 6c) has been reported to increase the number of active sites for O 2 adsorption [75] . Nevertheless, the BeN moieties (C-BNO and C-BN) created in the quaternary-doped catalyst (Fig. 6a) are believed to have a smaller contribution on the catalytic effect [76] . Analysis of the N1s (Fig. 6b) and S2p (Fig. 6d) features did not show significant differences between the BNPS-Gr and the single-doped catalysts.
The quaternary-doped catalyst was also tested and compared with respect to a commercial 20% Pt/C catalyst concerning their tolerance to the presence of methanol (see Fig. 8d ), which can be an effect of the fuel crossover from the anode in methanol-fuelled fuel cells [77, 78] . The chronoamperometric responses in an O 2 -saturated 0.1 M KOH aqueous solution at fixed potential of −0.5 V and 1600 rpm electrode rotation speed are displayed in Fig. 7d before and after the addition of a certain amount of methanol for a final composition of 0.6 M. It is observed an immediate decrease of 25% on the response in the case of Pt/ C due to the poisoning effect of the CO intermediates on the Pt catalyst [79] . On the other hand, the BNPS-Gr is not affected by the presence of methanol. This points to the high selectivity of the quaternary-doped catalyst towards the ORR, which makes BNPS-Gr a promising catalyst for its application in methanol-fuelled fuel cells.
Another important feature in catalysis is the stability of a catalyst under continuous operation. A durability test was performed at a fixed potential of −0.3 V in O 2 -saturated 0.1 M KOH solution for the quaternary-doped graphene catalyst and a commercial Pt/C 20% (see Fig. 8e ). A decrease of around 3% was observed in the measured current density for the BNPS-Gr catalyst after 10 000 s of continuous operation, which is lower than that observed for the commercial Pt/C 20% under the same conditions. This reflects the higher stability of this graphenederived catalyst with respect to Pt-catalysts under strongly alkaline conditions, which highlights the potential of the catalyst presented in this work for practical fuel cell applications.
Finally, in order to provide a complete picture on doped-graphene catalysis, Table 3 shows illustrative results obtained from the literature of some dual-and ternary-doped graphene catalysts compared to the presently reported quaternary-doped graphene. Although it is important to be cautious when comparing catalysts reported from different papers due to the high variability in the conditions of synthesis and evaluation, it can be seen that BNPS-Gr shows excellent values of onset potential, number of electrons transferred during ORR and durability. Nevertheless, it is reported a lower catalytic activity in terms of current density for the quaternary catalyst, although it should be noted that those dual and ternary-doped graphenes reporting higher values of j where tested with catalyst loadings of almost the double with respect the BNPS-Gr (except the SN-Gr). In conclusion, this comparison highlights the importance of the presently reported quaternary-doped graphene in the framework of metal-free doped-graphene catalysis for the ORR.
Conclusions
A novel metal-free catalyst based on graphene doped with B, N, P and S is reported. XRD measurements show the efficiency of the thermal treatment turning the GO structure of the precursor into graphene configuration. The Raman spectroscopy demonstrated that the presence of defects into the graphene layers is closely related to the size of the dopant atoms, B and N dopants producing fewer defects in the structure than P and S. The composition and the nature of the carbon-heteroatom bonding was determined by XPS, suggesting that the BeN and PeN bonds (mainly the latter) reflected in B1s and P2p spectra of BNPS-Gr could have a positive impact in the catalytic activity. In this regard, the quaternary-doped catalyst developed a better ORR performance than the single-doped catalysts, attributed to the different electronegativity values of the several dopants which supposedly can modulate the O 2 molecule binding energy facilitating its dissociation. Finally, comparative tests of methanol tolerance concluded that a commercial Pt/C catalyst suffers a 25% of performance decrease in presence of a 0.6 M methanol solution, whereas the BNPS-Gr is not affected by the methanol. These results suggest that the novel quaternary-doped graphene catalyst is a promising alternative to current Pt and transition-metal catalysts for energy applications, with special attention to methanolfuelled fuel cells. 
